Successful cloning of the 5 ' end of mRNAs by standard procedures (reviewed in ref. 1) requires either (1) dependence on hairpin formation at the 3' end of the first-strand cDNA molecule for successful priming of second-strand DNA synthesis, (2) (2) dependence on an RNase H-generated RNA fragment at the 5' end of the mRNA to prime second-strand DNA synthesis, (3) or (3) dependence on homopolymeric tailing of the firststrand cDNA for direct ligation into a vector containing a complementary tail. (4) With each of these methods, it is often difficult to establish the sequence at the very 5 ' end of an mRNA molecule since, in the first procedure, bases can be removed in the hairpin loop by the single-strand-specific nuclease, (1) and in the second procedure, 5'---3' exonuclease activity in DNA polymerase I can destroy the RNase H-generated fragment used for priming second-strand DNA synthesis. (s) In the third procedure, it is unknown whether the base nearest the mRNA in a homopolymeric tail is derived from the tailing procedure or from the mRNA template.
To circumvent these problems and to facilitate the study of a large number of individual molecules of a single mRNA species, we have developed a method that employs head-to-tail ligation of single-stranded, first-strand cDNA with RNA ligase, followed by PCR amplification, to yield doublestranded molecules in sufficient abundance for blunt-end cloning into a sequencing vector (Fig. 1) .
METHOD
The steps in this method are as follows:
1. 20-to 30-mer oligodeoxynucleotides with a G + C content of >50% and complementary to a region beginning 20-200 nucleotides downstream from the 5' end of the mRNA species to be examined (primer 1) are annealed at a concentration of 50 pmoles primer per 25 ~g total cytoplasmic RNA. (6) 2. Primer is extended with reverse transcriptase. (6) Some y-32p-labeled primer is used in parallel to generate a size marker for gel purification in the next step.
3. Extended product is separated from RNA and unextended primers by electrophoresis in a 6% polyacrylamide sequencing gel containing 50% urea, eluted by diffusion, (6) ethanolprecipitated, and dissolved in 20 ~l of water.
4. Ligation of ssDNA is done in a 20-l~l reaction mix containing 10 Ixl of dissolved ssDNA, 10 lxg of bovine serum albumin per milliliter, 50 mM Tris-HCl (pH 8.0), 10 mM MgC12, 10 mM dithiothreitol, 1 mM ATP, and 10 units of T4 RNA ligase (New England Biolabs) for 4 hr at 37~
5. Second-strand cDNA synthesis and amplification by PCR are done in a 50-t~1 reaction mix containing 1 t~l of head-to-tail ligation mix, 50 mM KC1, 10 mM Tris-HC1 (pH 8. 1 min at 55~ and 10 sec at 72~ (Primer 3 rather than primer 1 is used in this amplification step to increase the chances of obtaining 5' end-specific clones; i.e., primer 1 may have caused some random priming in step 1.)
6. PCR-amplified DNA is purified by electrophoresis in a 4% NuSieve agarose gel (FMC Biologicals) and the product is electroeluted, (6) ethanol-recipitated, and dissolved in water. )epending on the annealing positions f primers 2 and 3 in step 5, PCRmplified products of greater than unit ~ngth are also obtained that can be kewise purified and studied). Ampfled DNA is ligated into SmaI-linear-:ed, non-dephosphorylated pGEM3Z )romega) DNA and used to transform ~cherichia coli strain JM109 cells fol-)wing standard procedures. (6) 7. Colonies containing 5' end-)ecific clones are identified by colony hybridization to oligodeoxynucleotide 4, which binds to a region between the 5' end of the mRNA and primer 3. Selected clones are sequenced by the dideoxytermination method on asymmetrically amplified DNA prepared directly from bacterial colonies as previously described.U)
RESULTS AND DISCUSSION
With this method, we have demonstrated heterogeneity in the 5'-terminal five nucleotides of what is an otherwise common leader sequence on each of the bovine coronavirus mRNA species (ref. 8 , and in prep.). We have established that the heterogeneity is probably not a result of the experimental method used, since T7 RNA polymerase-generated transcripts of a single synthetic construct having the 5'-terminal sequence 5'-GATTGT, and producing the capped sequence 5 '-TmGpppGATI'GT when synthesized in vitro, (9) i6. Isolate ds PCR product by agarose gel ~ electrophoresis, ligate into plasmid i vector and transform E. coli. i3
7. Screen for clones by hybridization to oligodeoxynucleotide #4. Sequence insert. when analyzed by this cloning and sequencing method. Furthermore, heterogeneity did not appear to be caused by a cellular factor since all cDNA clones derived from capped transcripts that had been transfected into uninfected human rectal tumor cells (18 out of 18 clones) likewise had 5' GATFGT as in their 5 '-terminal sequence. We do not know the lower limit of mRNA concentration required for the method to be successful. We have obtained clones for mRNAs known to be present at the rate of around 100 molecules per cell in persistently infected cells (ref. 8 , and in prep.). In our experience, if primer 1 is radiolabeled to a specific activity of 10 6 cpm/pmole, and a radiolabeled extended product is visible after an overnight exposure without a screen in step 3, then ligation and cloning have been invariably successful. In all cases, the mRNA of interest was detectable by Northern analysis in 10 ~tg of total cellular RNA when an oligodeoxynucleotide probe of 20-26 nucleotides in length with the G + C content of a50% and a specific activity of labeling of 106 cpm/pmole was used.(a) All clones of mRNA (337 in all) that have been identified by probe 4 in step 7 have yielded 5 '-end-specific sequence.
The method described here has not only proven useful in our laboratory for the analysis of several mRNA species, but also for the determination of 5' end sequences of minus-strand copies of coronavirus mRNAs (unpublished). Therefore, it should prove to be a general method for the analysis of any single-stranded RNA species for which an internal sequence is known.
